This study was designed to assess whether churches in endemic dengue districts in Merida, Mexico provide suitable breeding habitats for mosquitoes and are potential sites for dengue virus (DENV) transmission. Churches were inspected for immature and adult mosquitoes once every week from November 2015 to October 2016. A total of 10,997 immatures of five species were collected. The most abundant species were Aedes aegypti (6,051) and Culex quinquefasciatus (3,018). The most common source of immature Ae. aegypti were buckets followed by disposable containers. Adult collections yielded 21,226 mosquitoes of nine species. The most common species were Cx. quinquefasciatus (15,215) and Ae. aegypti (3, 902). Aedes aegypti were found all year long. Female Ae. aegypti (1,380) were sorted into pools (166) and assayed for flavivirus RNA by RT-PCR and Sanger sequencing. Two pools were positive for DENV (DENV-1 and 2). In conclusion, we demonstrated that some churches in Merida are infested with mosquitoes all year long and they potentially serve as sites for DENV transmission and should therefore be considered for inclusion in mosquito and arboviruses control and surveillance efforts.
INTRODUCTION
Dengue virus (DENV; Flaviviridae, Flavivirus) represents an enormous problem in terms of human morbidity and economic burden. Globally, DENV is responsible for approximately 1.14 million disability-adjusted life-years annually 1 . In Mexico, an estimated 139,000 symptomatic DENV infections occur each year, with a mean of 65 disability-adjusted life years per million individuals 2 . There are four serotypes of DENV (DENV-1 to 4). The serotypes are genetically distant from each other and can be further divided into different genotypes 3 . Some serotypes are more virulent than others and have been associated with increased disease severity (e.g., DENV-2 American/Asian genotype) 4 . The introduction of distinct viral genotypes can trigger epidemics; thus, it is important that sequencing studies are performed so that viruses are identified and critical information on virus emergence and persistence is acquired 5 . DENV is primarily transmitted to humans through the bite of Aedes aegypti 3 infected females which feed almost exclusively on humans and are commonly found in households and other sites where people spend much of their time 6 . DENV is hyperendemic in Yucatan State and elsewhere in the Yucatan Peninsula in Mexico 6, 7 , and chikungunya virus (CHIKV) also circulates in this region 8 . Previous studies performed inside the houses in Merida, Yucatan State, resulted in the detection of DENV-and CHIKV-infected Ae. aegypti [6] [7] [8] females. Virus-infected mosquitoes have also been detected in frequently visited public locations. For example, DENVinfected Ae. aegypti were collected in schools in Merida 9 . In the State of San Luis Potosi, ZIKV-infected Ae. aegypti were detected in cemeteries 10 . It is therefore important to monitor public sites for potential arboviruses transmission.
Churches regularly receive a large influx of visitors, both locals and tourists, who could potentially become infected during their visits and introduce the virus into new areas. We have previously revealed that engorged Ae. aegypti often occur inside churches in Merida 11 . Despite this, studies have not been performed to determine whether churches located in neighborhoods with a high incidence of DENV provide suitable breeding habitats for immature mosquitoes and are potential sites for virus transmission. To address these gaps in our knowledge, longitudinal entomological and virological surveillance were performed in selected churches in three endemic dengue districts of Merida. Churches were inspected regularly for the presence of mosquitoes breeding sites, the abundance and species composition of immature and adult mosquitoes were determined, and Ae. aegypti females were assayed for evidence of DENV infection.
MATERIAL AND METHODS

Study sites
Merida (population ~ 800,000) is located in the Yucatan Peninsula of Mexico. The city has a distinct rainy (MayOctober) season and a dry season (November-April). In the rainy season, the mean rainfall is 1,000 mm and the mean temperature is 27.5 °C. In the dry season, the mean rainfall is 300 mm and the mean temperature is 25.1 °C 6 . The studied sites were located in three neighborhoods where high DENV transmission has been previously reported 6, 7, 9 . The largest church in each neighborhood was selected based on the assumption that it would have more mosquitoes breeding sites and a higher abundance of immature and adult mosquitoes than other churches in the neighborhood. Church leaders provided unlimited access to the entire area, including rooms, offices, kitchens, storage rooms and gardens. It is estimated that each church is visited by at least 900 individuals each week (300 and 600 individuals on weekdays and weekends, respectively), although these numbers are higher when there 
Sampling of immature mosquitoes
Mosquitoes were collected at each church once a week from November 2015 to October 2016. Collections were made both indoor and outdoor. Outdoor collections were primarily focused on garden areas and parking lots on church grounds. Containers were classified following the methodology of Garcia-Rejon et al. 12 . Immatures were removed from water-holding containers using nets, turkey basters and pipettes and placed inside plastic transportation containers labeled according to date, study site and sample identification number. Mosquitoes were individually removed from transportation containers and counted in a white tray. Immatures were allowed to emerge, then adults were identified to species 11, 12 .
Adult mosquito collections
Adult mosquitoes were collected between 8 a.m. and 1 p.m. using a backpack-mounted aspirator (Prokopack Aspirator ® , model 1419, John W. Hock Company). Each church was inspected for resting adults once every week. Indoor collections focused primarily on furniture, hanging clothes, curtains as well as dark and humid places. Outdoor collections focused primarily on garden areas and fences. The amount of time actively spent searching for resting mosquitoes at each site was 1-2 h per visit. Both adults and immatures were transported alive to the laboratory of Arbovirologia at Universidad Autónoma de Yucatán and identified according to species using stereomicroscopes and a published identification key 13 . Female Ae. aegypti were sorted into pools of up to 15 specimens and stored at -80 o C until required.
Mosquitoes homogenizations, RNA extractions and RT-PCR
Pools of female adult Ae. aegypti were placed into eppendorf tubes containing 300 µL of Liebovitz's L15 medium (Invitrogen, Carlsbad, CA, USA) and mechanically homogenized using sterile pestles. Homogenates were centrifuged at 10,000 × g for 10 min. and supernatants were collected. Total RNA was extracted from an aliquot (100 µL) of each supernatant using an RNeasy kit (Qiagen, Valencia, CA, USA) and tested for flavivirus RNA by reverse transcription-polymerase chain reaction (RT-PCR) using flavivirus-specific primers (MAMD, cFD2 and FS778) which amplify an ~250 nt region of the NS5 gene 14 . RT-PCRs were performed in 25 µL reaction volumes containing 2.5 µL of total RNA, 2 µL MgCl2 at a concentration of 25mM, 2.5 µL of 5 x reaction buffer, 0.2 µL of dNTPs, 0.5 U of Taq polymerase (Invitrogen), 0.5 µL of each primer at a concentration of 10 mM and 16.15 µL sterile distilled water. Total RNA extracted from DENV-2-infected cells was used as the positive control after reverse transcription. As the negative control, molecular biology grade water was used instead of total RNA. Amplification conditions are as follows: an initial denaturation of 95°C for 1 minute, followed by 35 cycles, each one consisting of 1 min at 95 °C, 1.5 min at 75 °C, and 1 min at 72 °C and then a final extension for 7 min at 72 °C. Amplicons were visualized on 2% agarose gels with 0.5 µg/mL ethidium bromide using a Doc ™ XR+ Gel Documentation System. RT-PCR products were purified using the Zymoclean DNA recovery kit Cat (Zymo Research, Irvine, CA, USA) and sequenced using a 3500xL DNA sequencer (Applied Biosystems, Foster City, CA, USA). Sequences were manually aligned and edited using the Bioedit v.7.0.9 software 15 and the Mega v.7 software 16 .
Statistical analysis
Entomological indices estimated in this study are as follows: 1) the container index, defined as the percentage of water-filled containers with immature Ae. aegypti and 2) the pupal index, defined as the percentage of containers with Ae. aegypti pupae when compared to containers with Ae. aegypti immatures (larvae and/or pupae). A MannWhitney U test was used to compare the number of female Ae. aegypti by season because the data did not meet the assumptions of normality and homogeneity of variances. The statistical analysis was performed using the IBM SPSS Statistics version 22 software for Windows (IBM Corporation, Armonk, NY) and results were considered significant when P ≤ 0.05.
RESULTS
Immature mosquito collections
The total number of containers observed in the entire study was 2,918 (Table 1 ). This tally is based on the assumption that one container can be counted more than once (i.e. one count for every visit in which the container was observed). Water was detected during 27.5% (804/2,918) of the container observations and 8.1% (65/804) yielded immatures. A total of 10,997 immatures of five species were collected ( Table 2 ). The most abundant species was Ae. aegypti (6,051) followed by Culex quinquefasciatus Say (3,018), Culex nigripalpus Theobald (1,894), Culex thriambus Dyar (26) , and Culex interrogator Dyar and Knab (8) .
Seven-fold more immatures were collected in the rainy season (9,628) compared to the dry season (1,369, Table 2 ). Analysis of the data at the species level also revealed that immature Ae. aegypti were more common in the rainy season. 
Adult mosquito collections
In total, 21,226 adult mosquitoes (13,518 males and 7,708 females) of nine species were collected (Table 3) . Of the females collected, the most abundant species was Cx. quinquefasciatus (4,686) followed by Ae. aegypti (1, 380) , Aedes taeniorhynchus (Wiedemann) (1,172) and Cx. nigripalpus (363) which together accounted 98.6% (7,601/7,708) of the adults. Cx. quinquefasciatus was common during both the rainy and dry seasons whereas the other three species were far more abundant in the rainy season.
Significant statistical difference in the number of Ae. aegypti females per season was observed (Z=-0.57, 
Detection of DENV in Ae. aegypti
Adult Ae. aegypti females were sorted into 166 pools and analyzed for flavivirus RNA by RT-PCR and Sanger sequencing. Two (1.2%) pools were positive (Table 4) . One pool contained DENV-1 and the other contained DENV-2 (GenBank accession number KU232287 and KJ189370, respectively). The DENV minimal infection rate (MIR) for Ae. aegypti females (expressed as the number of positive mosquito pools per 1,000 mosquitoes tested) was 1.5. Both DENV-positive pools were collected inside the church in Vergel III. The DENV-1-positive pool consisted of mosquitoes collected in a storage room. The DENV-2-positive pool consisted of mosquitoes collected inside the nave, the main area of the church where the congregation is held. Both pools comprised of mosquitoes were collected in October 2016.
DISCUSSION
Vergel III represented a higher potential entomological risk than the other investigated churches. The pupal index in this church over the entire study period was 43.3%, peaking at 47.0% in the rainy season. Pupae are considered a better proxy than other life stages for estimating mosquitoes abundance 17 . Based on the operative criteria of the Mexican Ministry of Health, a pupal index greater than 5% is regarded as an emergency level status that requires immediate action (i.e. treatment or elimination of breeding sites) 18 . Adult Ae. aegypti were also more abundant at Vergel III compared to the other churches in this study. It has previously been reported that greater mosquitoes abundance increases the risk of human DENV transmission 7 . Both pools of DENVinfected Ae. aegypti were detected in the church of Vergel III. Similarly, in Iquitos, Peru, abundance of Ae. aegypti females were better proxies for DENV risk 19 . DENV-infected Ae. aegypti have been detected inside schools and houses in Merida 6,7,9 . Water-filled containers are common in Merida and contribute to the high abundance of mosquitoes 12, 20 . It should also be noted that Ae. aegypti with Ile 1,016 and Cys 1,534 mutations in their voltage gated sodium channel gene have been detected in Merida. These mutations are associated with pyrethroid resistance 21, 22 . Thus, increased vector control is required in this region. One way to achieve this goal is through increased community intervention. In this study, we educated church workers on mosquitoes (i.e. their life cycle and role in arbovirus transmission) and 6, 9, 20 . Seven-fold more immature Ae. aegypti were collected in the rainy season compared to the dry season presumably due to an increase in the number of water-filled containers. A high number of breeding sites and immature Ae. aegypti were identified in Vergel III. Buckets followed by disposable containers were the most common breeding sites for Ae. aegypti and most were filled by rain water. Disposable containers were also common breeding sites for Ae. aegypti in and around houses in Merida 6, 12 . Previous studies in Merida have also shown that tires and flower pots are common breeding sites in vacant lots and parking lots, respectively 20 . Storm-water drains along streets and sidewalks harbor many species of mosquitoes throughout the year 23 . It is important to highlight two characteristics of Vergel III: 88% of Ae. aegypti females were collected in this church and it is located approximately 80 m from the nearest house. We speculate that most Ae. aegypti in Vergel III had not traveled there from the houses. Aedes aegypti has a limited flight range; it is generally accepted that females do not fly more than 50-100 m in their entire lifetime 24 and that they remain close to human hosts and oviposition sites 12, 20 . Therefore, humans potentially contribute more than the vector for the movement of DENV to new areas. To the best of our knowledge, this is the first study to detect DENV-infected Ae. aegypti in church environments. Mosquito-based surveillance for arboviruses can be used to detect viruses prior to the occurrence of outbreaks as human infections are often asymptomatic 2, 3 . The DENV MIR in this study was 1.5 which is considerably lower than the 4.6 reported in Merida schools 9 . However, our results are similar to earlier studies performed inside the houses of dengue patients 6, 7 . Nine mosquito species were collected in Vergel III, and the most common species was Ae. aegypti, consistent with previous studies performed in Merida 33 . However, it is important to note that our study has several limitations. For example, a small number of churches were surveyed and those from areas with low arbovirus transmission were not included. Therefore, it is not known if our findings are typical for churches in Merida or elsewhere in Mexico. Nevertheless, the findings from this study and previous reports demonstrate the need to monitor public sites to control disease transmission.
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